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Methods
Specimens of right atria were obtained from the hearts of 20 patients undergoing open heart surgery for treatment of congenital heart disease. The patients' ages ranged from 2-15 years (mean, 6.5 years). Their diagnoses are described below. None of the patients had received digoxin or an an-tiarrhythmic drug within 24 The atrial tissues were divided arbitrarily into two groups on the basis of the MDP. An MDP of -60 mV was selected as the dividing point because in previous studies of Purkinje fibers" and in our own studies of human atria16 at maximum diastolic potentials less than -60 mV, the rapid inward current responsible for phase 0 depolarization appears to be largely inactivated and the action potential primarily is initiated by a slow inward current. To determine whether an atrium was relatively healthy or diseased, a minimum of 20 cells. Fibers having MDP > -60 mV were from relatively normal atria and are referred to as group A. Group A preparations were obtained from eight patients, four with tetralogy of Fallot, two with ventricular septal defect, one with valvular pulmonary stenosis, and one with an atrial septal defect. Two of these patients had moderately dilated atria. None had a history of atrial arrhythmias. The MDP was -72.2 ± 2.8 mV (mean ± SE) and the P wave duration was 90.8 ± 1.3 msec (mean ± SE).
Group B Group B preparations were obtained from 12 patients: three with endocardial cushion defect, three with valvular pulmonary stenosis, two with transposition of the great vessels, two with tetralogy of Fallot, one with Ebstein's anomaly of the tricuspid valve, and one with single ventricle and corrected transposition of the great vessels. Ten of 12 of these patients had markedly dilated atria. Two of these ten had a history of paroxysmal atrial tachycardia, and one was in complete heart block preoperatively. The mean MDP for fibers in this group was -54.4 ± 3.3 mV and P wave duration was 114 ± 2.6 msec.
After control electrophysiologic recordings were made a single microelectrode impalement was made and maintained in each preparation. The action potential recorded here was "typical" for that preparation. The tissues then were superfused with the drug to be studied and on-line measurements3'" 14 were made of resulting changes in electrophysiologic properties. Three series of experiments were done.
Series 1
Ouabain (Eli Lilly) was dissolved in a separate reservoir of Tyrode's solution to make a final concentration of 2 X 10-7M. This concentration was chosen for the following reasons: First, it has been shown that ouabain, 2 X 10-'M, in Tyrode's solution has an effect on cellular electrophysiologic properties that is compatible with a range of concentrations which may induce toxic but not fatal arrhythmias in the intact dog. To illustrate, its effect on the canine Purkinje fiber action potential is quantitatively similar to that which occurs when Purkinje fibers are superfused with blood from donor dogs that have been given a dose of ouabain (r\-60,pg/kg) sufficient to induce stable ventricular tachycardia or ventricular premature depolarizations.'7 The second reason for using this concentration of ouabain is the following: The steady-state effect of ouabain, 2 X 10-7M, is toxic; however, during equilibration with the tissue -and prior to attaining a steady state -it has a very different effect on the action potential. Its action is, in fact, biphasic, as was reported by Kassebaum in studies of strophanthin. 6 Kassebaum showed that during equilibration of Purkinje fibers with strophanthin, 1.4 X 10-6M, potassium permeability initially decreases, then increases. 6 The biphasic effect on potassium permeability is associated with a biphasic effect on action potential characteristics. In planning the present studies we reasoned that should a similar biphasic effect of a single ouabain concentration be seen in human atria, it would permit us to study two different actions of the drug. In preliminary experiments we found that ouabain (2 X 10-7M) does, in fact, have a CIRCULATION 224 impalements were done in the first subendocardial layer of Spontaneously firing fibers were superfused with atropine sulfate (Sigma), I X 10-6M for 20 min. This was the highest concentration of atropine that did not alter the spontaneous rhythm. The transmembrane action potential and rhythm then were compared to control. Then the protocol outlined in series 2 was initiated, the only difference being that atropine was included in all the superfusates.
All results reported are from microelectrode impalements of atrial fibers in the first subendocardial cell layer in which the impalement was maintained throughout the duration of the experiment. Statistical analysis of the data was performed using a paired t-test. Results are expressed as mean ± standard error.
Results
Effects of Ouabain Table I shows the results of six experiments on relatively normal fibers from group A. None of these fibers developed automatic rhythms during the control period. Ouabain had a biphasic effect on AP characteristics. Approximately 15 minutes after the onset of superfusion with ouabain there were significant increases in MDP, activation voltage, AP amplitude, and Vmax. There also was a decrease in APD50
and an increase in APD1,. These effects are similar to those described for mammalian atrial fibers exposed to low concentrations of digitalis,", 20 or acetylcholine. 22 Following continued superfusion for approximately 60 min, there were significant decreases in MDP, activation voltage, AP amplitude, Vmax, APD5O and APD100. As will be described below, only at approximately 60 min did delayed afterdepolarizations occur. These were unassociated with spontaneous rhythm. Table 2 shows the results of six experiments in which spontaneously firing human atrial fibers having MDP < -60 mV were superfused with ouabain. Again oua- 35 ± 1.5 min; P < 0.001). Figure 1 is a representative experiment showing the effect of ouabain on a normal atrial fiber (panel A). There was an initial hyperpolarization of the fiber 15 min after the onset of ouabain superfusion (panel B), followed at 60 min by marked depolarization and an increase in the slope of phase 4 depolarization (panel C). Figure 2 shows the effects of ouabain on phase 4 depolarization in a spontaneously firing diseased atrial fiber. In panel B, after 30 
Comparisons of the Effects of Ouabain and AcCh
Experiments were performed to determine, first, whether the initial effect of ouabain, hyperpolarization of fibers and slowing of spontaneous rate, was comparable to that of acetylcholine and, second -if this was the case -could it be blocked by atropine. In four experiments we compared the effects of ouabain and acetylcholine on spontaneously firing atrial fibers. Figure 3 shows the effects of AcCh and ouabain on MDP and spontaneous cycle length in these experiments. Simultaneous, significant increases in MDP and cycle length were induced by both acetylcholine and by ouabain. Figures 4 and 5 are examples of these experiments. In figure 4 , superfusion with ouabain, 2 X 10-7M, and with acetylcholine, 3 X 10-6M, resulted in identical effects on action potential characteristics and spontaneous rate; that is, both agents induced an increase in MDP, activation voltage, and AP amplitude, along with a decrease in the slope of phase 4 depolarization and a slowing of spontaneous rate. Figure 5 is another example of the effects of ouabain and acetylcholine in diseased atrial tissue. In this study two simultaneous impalements were made in the same atrial specimen. Although both areas were depressed, the cell depicted on the lower trace was more depressed than that on the upper. In addition ectopic activity occurred at the site recorded on the lower trace and was not propagated to the other site. Following superfusion with acetylcholine or with ouabain there were hyperpolarization, slowing of spontaneous rate, improved conduction between the two sites, and cessation of the ectopic activity.
Having demonstrated a similarity of effect of ouabain and acetylcholine, we performed four experiments in which we attempted to block this effect with atropine (table 3) . The muscarinic blocker, atropine, is known to block the effects of acetylcholine on cardiac fibers. 22 Although it has been shown that atropine blocks digitalis effects on isolated mammalian atrial fibers,2 we believed it important to demonstrate for this preparation whether, in fact, the hyperpolarizing and negative chronotropic effect of ouabain were the result of action at a muscarinic receptor. Spontaneously firing atrial fibers (2 from group A and 2 from group B) initially were superfused with atropine, I X 10-6M, a concentration that had no effect on cycle length and resting and action potential characteristics. In the presence of atropine neither acetylcholine, 3 FIGURE 3 . Effect of acetylcholine and ouabain on maximum diastolic potential and spontaneous cycle length of spontaneously firing human atrial fibers (mean ± SE of four experiments). C = control; MDP = 59.1 ± 2.7 mV; CL = 2533 ± 88 msec. Following superfusion with acetylcholine 3 x 104M there was an increase in MDP to -63.3 ± 2.3 mV (P < 0.025) and CL to 3567 ± 260 msec (P < 0.05). Following washout of the acetylcholine, there was a return to control conditions: MDP = 60.1 ± 2.6 m V; CL = 2600 ± 100 msec. Following superfusion with ouabain, 2 X 10-7M, there again was an increase in MDP to -64.0 ± 3.0 mV (P < 0.05) and spontaneous CL to 3433 ± 167 msec (P < 0.005). induced significant changes in AP amplitude, activation voltage, MDP, and spontaneous cycle length. This is in marked contrast to the changes seen in the fibers that were superfused with acetylcholine or ouabain alone as in figures 3-5. Hence, prior superfusion with atropine blocked the effects of ouabain and acetylcholine on the AP and spontaneous rate. Figure 6 is one of the experiments in which we studied the effects of acetylcholine and ouabain on atropinetreated fibers.
II, Discussion It should be emphasized at the outset that the relevance of these studies is solely to digitalis effects on the atrium. The actions of digitalis on the atrioventricular junction, while of great importance in terms of the therapeutic and toxic effects of glycosides on the in situ heart cannot be extrapolated from these experiments. It is apparent that ouabain has a biphasic effect on the electrophysiologic properties of human atrial fibers. The initial effect, hyperpolarization associated with increases in action potential amplitude and Vmax, occurs approximately 15 min after the onset of ouabain superfusion in both normal and depressed atrial fibers. These changes in the transmembrane potential characteristics could be expected to result in enhancement of conduction in the atrium as occurred in figure 4 (and in four of four experiments in which conduction was studied). In addition, in the spontaneously firing atrial fibers there was a significant decrease in automaticity associated with an increase in maximum diastolic potential and a decrease in the slope of phase 4 depolarization. These results are consistent with those seen in studies of other mammalian species. 19' 20 The similar effects of acetylcholine and ouabain on spontaneous cycle length, intraatrial conducfion and suppression of arrhythmias (figs. 3 and 4) are evidence supporting a parasympathomimetic action of digitalis in its antiarrhythmic effects on human atrial fibers. The atropineinduced block of the ouabain action further confirms the importance of the parasympathomimetic effect. Our results are nearly identical to those obtained by Ten Eick and Hoffman2 in their studies of digitalis effects on spontaneous rates of isolated rabbit atria. The decrease in rate induced by ouabain in those studies also was blocked by prior exposure to atropine. From their studies of isolated tissue the authors concluded that the effects of digitalis in slowing sinoatrial rate is secondary to a release of acetylcholine and not a direct effect. Studies by these authors and others in intact animals also have demonstrated that digitalis-induced slowing of sinoatrial rate is mediated via the parasympathetic nervous system.3 Hence, it is highly likely that the ouabaininduced hyperpolarization of the membrane potential in our study is due to acetylcholine release, as suggested by Ten Eick and Hoffman's study.2 Further evidence that isolated atrial tissues can, in fact, release acetylcholine spontaneously has been provided by Trautwein et al. 23 That some direct action of ouabain is exerted here, as well, cannot entirely be ruled out. However, the direct effect of the drug on atrial fibers -decreasing membrane potential and increasing phase 4 depolarization and inducing delayed afterdepolarizations -is an entirely opposite effect and hence is difficult to accept as being involved here.
These electrophysiologic effects of ouabain on human atrial fibers are consistent with the clinical antiarrhythmic effects of the drug.24 Specifically, the hyperpolarization and decrease in the slope of phase 4 depolarization seen in our studies would be expected to result in a slowing or suppression of ectopic atrial pacemakers. In addition, the enhancement of intraatrial conduction, also seen in some of our studies, could alter propagation through re-entrant pathways. Although we did not specifically study conduction in every preparation in which ouabain induced hyperpolarization, the association between an increase in MDP from low to normal values is known to be associated with an increased Vmax of phase 0 depolarization and an increase in conduction velocity. Hence it is reasonable to assume, based on this information and those of our experiments in which conduction was measured, that the hyperpolarization would usually be associated with enhanced conduction.
The toxic effects of ouabain on the atrial action potentials included decreases in maximum diastolic potential, activation voltage, action potential amplitude, and Vmax. acceleration of repolarization, an increase in the slope of phase 4 depolarization and delayed afterdepolarizations. Delayed afterdepolarizations were seen in all 12 experiments in series 1 (tables 1 and 2) in which the fibers were allowed to develop toxicity. However only in the diseased human atria (table 2) did they consistently reach threshold potential and initiate tachyarrhythmias. In series 2 and 3 (studies with acetylcholine and atropine) the ouabain superfusion was not carried to toxicity and therefore delayed afterdepolarizations were not seen.
The delayed afterdepolarizations are comparable to those induced in canine atrial specialized fibers using acetylstrophanthidin25 and ventricular specialized fibers using acetylstrophanthidin26 or ouabain.27 It has been stated27 that the characteristics of delayed afterdepolarizations with respect to initiation and termination of arrhythmias are very similar to those described by Lown and his associates for repetitive ventricular responses.28 29 It also has been stated that afterdepolarizations probably are responsible for the occurrence of repetitive ventricular responses in the in situ heart.27 Whether afterdepolarizations arising in human atria as a result of digitalis toxicity are the cause of clinically occurring paroxysmal supraventricular tachycardias has not been investigated. Certainly this cellular mechanism should be considered as a possible cause of such arrhythmias.
A final, clinically important point is that ouabain superfusion of the diseased fibers (group B) resulted in toxic effects in approximately 35 min whereas 60 min elapsed 
